Chromatin mesoscale model

DNA:
The linker DNA is treated as a modified worm-like chain of nb discrete spherical beads, (1, 2) with parameters developed using Stigter's procedure (3) . Each DNA bead connects two DNA segments, each representing approximately 9 base pairs, with an inter-bead equilibrium length (l0) of 3 nm (1). Each bead is assigned an excluded volume through the Lennard-Jones potential to prevent a possible overlap between DNA beads and other components of the chromatin array.
This approach significantly reduces the number of degrees of freedom (from around 800 atoms to approximately 1 bead per DNA twist). The dynamics of DNA chains are governed by the internal force field comprising of stretching, bending, and twisting energy terms as described in Ref. (4) .
Within the oligonucleosome chain, each linker DNA bead and nucleosome is allowed to twist about the DNA axis. This is implemented by assigning local coordinate systems to all DNA linker beads and nucleosome cores. The coordinate system of each chain component i is specified by 
To implement the correct non-integral twist for each DNA segment, we first estimate the actual number of turns, , that each DNA linker should make according to its length by dividing the linker length over the number of base pairs per turn for DNA in chromatin (lr); that is, = / .
Here, we use lr = 10.3 bp/turn for DNA in chromatin, based on experimental observations (5, 6) .
Note that a range of 10.2-10.5 bp/turn has been reported for DNA of chromatin, which is different from the twist for nucleosome-free DNA. The resulting values are non-integral for all the NRL studied, except for NRL=209 bp, where the linker length corresponds to six full helical turns. When the length of the linker DNA corresponds to an integral number of turns, the average mean twist of that DNA section is exactly zero. However, a nonintegral number of turns shifts the average twist of the DNA linker involved. Thus, to model the different DNA linker lengths, we incorporate the appropriate equilibrium twist per DNA linker segment to accommodate nonintegral numbers of DNA turns. In practice, we accomplish this by including a penalty term in the total torsional energy of the bead segments. This torsional energy is summed over the DNA beads
where s is the torsional rigidity of DNA, N is the number of beads in the oligonucleosome chain, is the twist deviation penalty term per segment, and αi and γi are two of the Euler angles defined above. The sum αi + γi ∈ [−π, π] gives the linker DNA twist at each bead location. Thus, subtracting from this sum of angles shifts the average linker DNA twist per segment from zero to the required value. The detailed description of the twist penalty term per segment calculation is given in (1).
Nucleosome:
The nucleosome particle with wrapped DNA, but without flexible histone tails is represented by 300 rigidly positioned charged beads that robustly reproduce the electrostatic field of the nucleosome at physiological monovalent salt concentrations (7-9). The irregular shape for the nucleosome and the 300 surface charges are derived by our discrete surface charge optimization (DiSCO) algorithm (8) , which approximates the electric field of the atomistic nucleosome (PDB 1KX5) by placing pseudocharges along the surface of the complex as a function of monovalent salt (10, 11) . A full discussion is given in ref (1).
Histone tails: There are 10 histone tails per nucleosome: tails belonging to N-termini of H2A
(denoted H2A1), H2B, H3, and H4 histones, plus C-termini tails of H2A histones (denoted as H2A2 The histone tails are rigidly fixed to their idealized position on the nucleosome surface by stiff springs between the core and the first tail bead. For tail beads not attached to the core, the stretching and bending harmonic potentials between beads and bond angles between three consecutive beads are tuned to reproduce configurational properties of the full-atom histone tail models used in Brownian dynamics simulations (11) (12) (13) .
Linker histones H1C and H1E: There are two linker histone types represented in our model, H1E (based on rat H1.4) and H1C (based on mouse H1.2). H1E is the first flexible LH model implemented with our system (14) . The rigid GH of H1E was modeled on the basis of the rat H1. Chromatin electrostatics: Physiological salt conditions with monovalent and divalent cations are indispensable for compacting chromatin by screening the highly charged chromatin components (e.g., nucleosomal and linker DNA). We treat the counterions implicitly using mean field theories.
Specifically, our DiSCO algorithm (8, 9) parameterizes the screening potential from the PoissonBoltzmann equation (PBE) using a Debye-Hückel approximation with salt-dependent effective charges, obtained by minimizing the difference between the electric fields from PBE and the (linear) Debye-Hückel approximation using our efficient TNPACK (truncated Newton) optimization package (17) . Thus, DiSCO is used to evaluate the effective charges on the nucleosome core, LHs, and histone tails; the effective charges for DNA beads are obtained using an analytical method by Stigter (3) . For the nucleosome core, we use 300 effective charges uniformly distributed across the nucleosome surface; this produces a robust approximation, with < 10% error in the DH approximation over a large range of monovalent salt concentrations (8, 9) .
The DiSCO approach has been implemented for monovalent ions and assumes that the screening potential is independent of chromatin conformation.
Chromatin energy function:
The total potential energy is expressed as the sum of stretching, bending, and torsional components of linker DNA, stretching of histone tails, intramolecular bending of the histone tails, total electrostatic energy, and excluded volume terms (11):
E = ES + EB + ET + EtS + EtB + EC + EV. (S5)
The first three terms denote stretching,
and torsional energy of linker DNA (equation 1). Here, h and g denote the stretching and bending rigidities of DNA, li denotes the separation between the DNA beads, and IC denotes a nucleosome particle within the oligonucleosome chain. As mentioned above, N is the total number of beads in the chromatin chain, βi and βi +1 are bending angles, and l0 is the equilibrium separation distance between beads of relaxed DNA (3 nm).
The fourth term, EtS, represents the total stretching energy of the histone tails, composed of two terms: stretching of tail beads and stretching of the histone tail bead from its assigned attachment site, as given by:
Here, N T = 10N C is the total number of histone tails, N bj is the number of beads in the j-th tail, k bjk is the stretching constant of the bond between the kth and (k+1)th beads of the jth histone tail, and lijk and ljk0 represent the distance between tail beads k and k+1 and their equilibrium separation distance, respectively. In the second term, htc is the stretching bond constant of the spring attaching the histone tail to the nucleosome core, tij is the position vector of the first tail bead in the coordinate system of its parent nucleosome, and tij0 is the ideal position vector in the crystal configuration.
The fifth term, E tB , represents the intramolecular bending contribution to the histone tail energies:
where θijk and θij0 represent the angle between three consecutive tail beads (k, k+1, and k+2) and their equilibrium angle, respectively, and kθjk is the corresponding bending force constant.
The sixth term, EC, represents the total electrostatic interaction energy of the oligonucleosome.
All these interactions are modeled using the Debye-Hückel potential that accounts for salt screening:
where qi and qj are the 'effective' charges separated by a distance rij in a medium with a dielectric constant of κ and an inverse Debye length of 1/κ, ɛ0 is the electric permittivity of vacuum, and ɛ is the dielectric constant (set to 80). As described above, the salt-dependent effective charges are calculated using DiSCO (8, 9) by matching the electric field from the PBE (solved using the DelPhi software) to the field parameterized using the Debye-Hückel form.
The last term, EV, represents the total excluded volume interaction energy of the oligonucleosome.
The excluded volume interactions are modeled using the Lennard-Jones potential, and the total energy is given by:
where σij is the effective diameter of the two interacting beads and kij is an energy parameter that controls the steepness of the excluded volume potential. These parameters were all taken from relevant models of the components as described fully in Ref. (4) . (1)). The total enthalpy of the chromatin fiber is composed of bonded (stretching, bending and twisting energy) and nonbonded (electrostatic and van der Waals energy) terms.
Monte
The tails are regrown using the configurational bias MC method (18, 19) . In this approach we randomly select a tail to be regrown and then apply the Rosenbluth-Rosenbluth (20) scheme to regrow it. The tail configuration with the lowest energy is accepted. The volume enclosed within the nucleosomal surface is discretized to prevent histone tail beads from penetrating the nucleosome core during tail regrowth, and any insertion attempts that place the tail beads within this volume are rejected automatically.
Both linker histones are folded using a Monte Carlo scheme in which a randomly chosen bead is stochastically moved along the three spatial dimensions (x, y and z) using uniform distributions (14) . In nucleosomes with two LH, both LHs are regrown independently of each other using the same Monte Carlo scheme applied to regrow single LH per nucleosome.
Initial configurations are ideal zigzag configurations constructed by rotating nucleosomes around the fiber axis and moving them downward. Each starting configuration contains coordinates and orientation matrices for each DNA bead and each nucleosome. Initial configurations for tails and LHs are loaded from the corresponding configurational files. Each nucleosome has the same configurations for tails and LH.
The fiber systems were sampled with 35 to 40 million MC steps. The analysis was performed on the last 5 to 10 million steps. Configurations were sampled every 50,000 MC steps.
Calculation of fiber packing ratio:
The packing ratio is calculated from the length of fiber axis which is expressed as a three-dimensional parametric curve 
where ( ) and ( ′ ) are a tangent vector at the beginning of the curve and a tangent vector that corresponds to a highest bending (smallest value of the dot product). | − ′ | is the contour length of the whole fiber.
Contact patterns calculation:
The local chromatin topology is described by internucleosome patterns (1, 23) which are extracted from the interaction intensity matrices that measure the fraction of MC configurations that each nucleosome interacts with other nucleosomes in the fiber.
The nucleosomes are considered to "interact" if their tail beads or core beads come within 1.8 nm of other nucleosome's core beads. The interaction matrices are decomposed into onedimensional plots that depict the magnitude of i, i + k interactions, as
(S14) Table S1 . Fiber properties (packing densities in nuc/11 nm, sedimentation coefficients in S, persistence lengths in nm) for 100-nucleosome arrays saturated with LH densities 1. Table S2a . Fiber properties (packing densities, sedimentation coefficients, persistence lengths) for 24-nucleosome arrays fully saturated with 1 LH (H1C or H1E) per nucleosome. The values are color coded by nucleosome packing ranges: blue -low packing (< 4.5 nuc/11 nm), yellow -medium (4.5 > nuc/11 nm < 6), and red -high (> 6 nuc/11 nm). Table S2b . Fiber properties (packing densities, sedimentation coefficients, persistence lengths) for 24-nucleosome arrays saturated with 0.5 LH (H1C or H1E) per nucleosomeThe values are color coded by nucleosome packing ranges: blue -low packing (< 4.5 nuc/11 nm), yellowmedium (4.5 > nuc/11 nm < 6), and red -high (> 6 nuc/11 nm). Table S3a . Electrostatic energies for 100-nucleosome arrays with 1.3 LH per nucleosome. Nucleosomes with 1 LH are saturated with H1E, and nucleosomes with 2 LH are filled with 2 H1C (top) or H1C/H1E (bottom) per nucleosome. Columns are as follows: a) energies between linker histone and parental DNA strands; b) energies between linker histone and nonparental DNA strands; c) energies between tails and nonparental cores; d) energies between DNA linkers. Colored setups correspond to the colored setups in Table S1 . Table S3b . Electrostatic energies (in kcal/mol) for 100-nucleosome arrays with 1.6 LH per nucleosome. Nucleosomes with 1 LH are saturated with H1E, and nucleosomes with 2 LH are filled with 2 H1C (top) or H1C/H1E (bottom) per nucleosome. Columns are as follows: a -energies between linker histone and parental DNA strands; b -energies between linker histone and nonparental DNA strands; c -energies between tails and nonparental cores; d -energies between DNA linkers. Colored setups correspond to the colored setups in Table S1 . 
